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　The　contro1of1imb　movements　is　essentia1for　everyday
1ife．Day　and　night，humans　are　required　to　reach　for　a
target　in　space，to　pick　up　an　object，and　to　make　other
wide　varieties　of　goaI－directed　movements．Many　of　those
movements　are　performed　so　effortless工y；yet　are
necessary　to　compromise　with　an　inherent　nature　of
human　motor　behavior，∂卯θθゴー∂oω〃‘γ肋dθ一〇菰
　Agreatdealofresearchoverthepastcenturyhas
clearIy　demonstrated　that　movements　toward　a　target
consist　of　two　components，an加〃臼ノ勿ρ〃ムθρrρη物”γ
3肋〃0Hθ㎜θηクfoIlowed　by　o〃〃θ〃ooηケoノ（or　oo〃θo一
伽θ8肋㎜o凹θ〃θ〃〕（e．g．，Meyer　et　aL，1988；Woodworth，
1899〕．In　essence，visua1feedback　reduces　spatia王errors　to
a　greater　extent．Temporal　constraints　of　the　movements，
however，restrict　time　to　process　visua1feedback（e．g．，
Keele＆Posner，1968），and　thus　the　accuracy　advantage
by　vision　gradua1Iy　decreases　as　a　function　of　the
movement　speed．Meanwhile，the　magnitude　of　the　initia1
impu王se　has　a　Iawful　re1ation　to　the　dispersion　of　the
primary　submovement　endpoints　that　defines　the　extent
to　which　feedback－based　corrective　processes　must
operate（e．g、，Schmidt　et　aL，1979〕．
Recently，much　attention　has　been　paid　to　optima1contro1
strategies　in　rapid　aiming　movements（e．g．，Khan＆
Franks，2000）．TypicaIly，a　performer　with　vision　tends　to
increase　the　ve1ocity　of　the　primary　submovement　t0
bring　the　Iimb　to　the　vicinity　of　the　target　quickly．This
strategy　allows　the　performer　more　time　availab1e　for
visuaI　feedback　uti1ization　in　the　corrective
submovements．By　contrast，a　performer　without　vision
produces　a　slower　but　Iess　variab1e　primary
submovement　to　abandon　visuaHy－guided　error
COrreCtiOnS．
　　Despite　a　considerable　amount　of　research，onIy　Iimited
attempts　have　been　made　to　quantify　the　mechanical
causes　of　rapid　aiming　movements．Limbs　are　systems　of
linked　bodies，and　thus　the　motion　ofa　particu1ar　segment
affects　other　segments　in　a　kinetic　chain，even　if　a　given
segment．is　not　exposed　to　active　musc1e　forces．Studies
merely m nipulating　kinematic　parameters，however，
annot account for　these　motion－dependent　effects．
　A　method　of　t e　intersegmental　dynamics　is，by
c n ra t，usefu1to　estimate　the　active　and　passive
contributions　to　the　movement　trajectories　（e．9。，
Schneider　et　a1．，1989）．With　this　method，netjoint　moment
（NJM）can　be　partitioned　into　its　three　moment
components．The h e 　moment　components　were：（1）
generalized－muscle　moment（GMM〕一moment　arising
f om　active　musc1e　forces　and　other　soi　tissue　forces
cr ssing　the　joint；（2）motion－dependent　moment（MDM）一
moment　 rising　from　passive－interactive　forces　by
dynamic　interactions　between　segments；and（3）gravity－
depend nt　moment（GDM）一moment　arising　from
gravit tiona1forces．
　　In the　context，this　study　deaIt　with　the　intersegmental
dynamics　of　rapid　aiming　movements　to　provide　further
evi ence　on　h w goa1－directed　movements　are　control1ed
nd　what　are　the　mechanisms　responsible　for　the
relationship　between　movement　speed　and　accuracy．Of
particular　interest　was　how　humans　adapted　their　contro1
strategies　 n　ensuring　optima1performance・
　　　　　　　　　　　Experiment1：Inherent　Errors
In　Exper ment　1，spatial　accuracy　of　rapid　aiming
movements　was　examined　by　differentiating　1imb
dynamics　whi1e　keeping　limb　kinematics　constant，Five
male　partic p nts pe formed　an80－cm　hand－held　sty1us
movement　to　a　target　as　accurately　as　possibIe　with　three
tempo al　cons ra nts：300，400，and500ms（Fig．1）．The
movements　were　performed　whiIe　lying　face　either1eft　or
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Fig．1．A 　overhead　view　ofthe　experimentaI　setup
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right　on　a　flat　bench；thus　either　（a）downward
movements　with　gravity（DM）or（b）upward　movements
against　gravity（UM）in　the　vertical　plane．
　　An　ana1ysis　of　the　intersegmental　dynamics　reveaIed
that　an80－cm　hand－he1d　stylus　movement　with　gravity
（i．e．，DM）or　against　gravity（i．e．，UM）yielded　near1y
identical　limb　kinematics（i．e．，angular　disp1acement，
velocity，and　acceleration〕，but　compIete1y　different　limb
dynamics．In　DM，gravity（i．e．，GDM）acted　as　a　Iimb
extensor，　and　therefore　assisted　in　accelerating　yet
resisted　in－dece1erating　the　limb　to　a　target．In　UM，on　the
other　hand，gravity　acted　as　a　Iimb　flexor，and　therefore
resisted　in　acceIerating　yet　assisted　in　deceIerating　the
limb　to　a　target．As　a　consequence，UM　required　greater
active　musc1e　forces（i．e．，GMM〕in　the　acceleration　phase
than　DM．
　　Consistent　with　a　number　of　previous　findings，spatial
errors　increased　with　temporaI　constraints　of　the
movements（or　the　average　velocity　of　the　movements〕，
indicating　speed－accuracy　trade－offs．More　importantly，
UM　resu1ted　in1arger　spatia1errors　in　comparison　to　DM．
Because　ofno　significant　differences　in　movement　time　or
nearly　identical　limb　kinematics　between　test　conditions，
the　larger　spatial　errors　by　UM　was　attributable　to　an
increase　in　the　Ieve王ofactive　muscle　force　output．
　　　　　　　　　Experiment2：Control　Strategies
　The　purpose　of　Experiment2was　to　examine　the
effects　of　practice　and　vision　on　the　intersegmental
dynamics　of　rapid　aiming　movements．Twenty
participants（6females　and14ma1es）performed　a　gO－cm
movement　to　a　target　for560trials　as　quickly　and
accurately　as　possib1e　in　the　horizonta1plane．They　were
randomly　assigned　into　either　a　fulI－vision（FV）group　or　a
no－vision｛NV〕group，practicing　the　task　with　or　without
vision，respectively，throughout　each　trial．Vision　was
modified　with　a　pair　of　occ1usion　goggles，in　which　the
lenses　on　these　goggles　were　either　transparent　al1owing
vision　or　translucent　occluding　vision　without　af『ecting
the　quantity　of1ight　reaching　the　eyes．
With　practice，participants　improved　their　performance
by　minimizing　movement　time－without　sacrificing　spatia1
errors．Vision　yet　ensured　more　accurate　performance
throughout　practice．　In　addition，　they　exp1oited　the
passive－interactive　properties　of　the　moving　system（i．e．，
MDM），together　with　the　mechanicaI　properties　of　the
muscle（i．e．，GMM），to　properly　accelerate　the　limb　to　a
arget（i．e．，NJM〕．EssentiaI1y，aIl　moment　components
increased　in　magnitude　with　practice．
　　However，the　aspects　of　the　intersegmentaI　dynamics
were　quite　distinctive　between　vision　conditions．
SpeciicaIly，comparing　to　the　other　vision　group，the　FV
group　produced　greater　average　GMM　in　the　acce1eration
phase；whereas，the　NV　group　produced　greater　average
GMM　in　the　d ce1eration　phase．
　　　　　　　 　Exper ment3：Instant　Adaptation
　　As　a　subsequent　experiment，Experiment3examined
the　effect　of　withdrawing　vision　on　the　intersegmentaI
dynamics　of　 apid　aiming　movements．Fo11owing
Experiment　2，both　the　FV　and　NV　participants
compIeted　a　transfer　test　under　the　NV　condition．
　　The　withdrawaI　of　vision1ater　in　practice　from　the　FV
group　caused　an　increase　in　spatia1errors；furthermore　a
decrease　in　the　m gnitudes　of　moments，indicating　a
specific tyofprac iceeffect（e．9．，Proteaueta1．，1987）．
This　specificity　of　practice　effect　on　the　intersegmental
dynamics　cIearly　indicated　that　the　FV　participants　did
not acce1erate　their　movements　the　same　as　when　vision
was　available　dur ng p actice．
　　　　　　　 　　　　　　　General　Discussion
　 The　res lts　c1early　demonstrate　that　errors　are　inherent
in　th 　primaワsubmovements　that　increase　as　a　function
of　the1eveI　of　active　muscle　force　output，causing　speed－
accuracy　trade－offs．To　ensure　optimaI　performance，
however，different　contro1strategies　are　possibIe
depending　on　the　abilities　to　use　on－1ine　visual　feedback．
More　importantly，hu ans　can　instantIy　adapt　their
control　strategies　to　avoid　a　deteriorating　loss　in
performance．Such　instant　adaptation　of　controI　strategies
is　interpreted　as　the　nexibi1ity　ofthe　human　motor　contro1
sy tem　to　compensate　during　rapid　aiming　movements
through　a　recipr caI　interplay　between　central　planning
and　on－1 e　feedback　processing．
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